Mannose-binding type Jacalin-related lectins (mJRLs) bind to branched N-glycans via conserved sugar-binding sites. Despite, significant 3D structural similarities, each mJRL is known to have a unique binding preference toward various N-glycans. However, the molecular basis of varying binding preference is substantially unknown. Here, we report a detailed comparison of N-glycanbinding preference for two mJRLs, Orysata and Calsepa using frontal affinity chromatography (FAC), X-ray and molecular modeling. The FAC analysis using a panel of N-glycans shows difference in N-glycan-binding preference between the lectins. Orysata shows broader specificity toward most high-mannose-type glycans as well as biantennary complex-type glycans bearing an extension on the Manα1-6 branch. Whereas, Calsepa shows narrow specificity to complex-type glycans with bisecting GlcNAc. The X-ray crystallographic structure reveals that two Orysata lectins bind to one biantennary N-glycan (2:1 binding) where one lectin binds to mannose of the α1-3 branch, while the other interacts with an N-acetylglucosamine of the α1-6 branch. In contrast, Calsepa shows 1:1 binding where α1-3 branch and core chitobiose region N-glycan interacts with lectin, while α1-6 branch is flipped-back to the chitobiose core. Molecular dynamics study of Orysata bound to N-glycans substantiate possibility of two-binding modes for each N-glycan. Binding free energies calculated separately for α1-3 and α1-6 branches of each N-glycan suggest both branches can bind to Orysata. Overall these results suggest that each branch of N-glycan has a distinct role in binding to mJRLs and the nonbinding branch can contribute significantly to the binding affinity and hence to the specificity.
Introduction
Accumulating evidence shows that glycan-protein interactions play various physiological roles, such as pathogen recognition, cell-cell interactions and quality control of nascent glycoproteins Nagae and Yamaguchi 2015) . Detailed investigation of the 3D structure, dynamics and interaction mode of glycans is essential in order to gain a better understanding of such physiological events. A large number of lectin-sugar complex structures have been reported, and most studies have focused on lectins that recognize mono-and disaccharides located on the termini of glycans. For example, two animal lectins, siglecs and asialoglycoprotein receptor, interact with N-glycans by recognizing the terminal sialic acid and galactose, respectively (Nagae and Yamaguchi 2014) .
In contrast, several lectins specifically bind the internal unit of branched N-glycans. C-type lectin receptors such as human dendritic cell inhibitory receptor (DCIR) and blood dendritic cell antigen-2 (BDCA2) interact with the inner mannose residue of complex-type N-glycan (Jégouzo et al. 2015; Nagae, Ikeda et al. 2016) . These lectins bind either one of the two N-glycan branches and show little or no branch preference. On the other hand, DC-SIGN and murine DCIR2 interact with inner mannose residues in branch-specific modes (Feinberg et al. 2001; Nagae et al. 2013 ). The branch specificity of these C-type lectins is attained at least in part by the ligand conformation, i.e., the shape of the glycan, although the structural basis is still not fully understood (Gabius et al. 2011) .
Some other lectins can potentially bind both terminal and inner units of N-glycans. Mannose-binding type Jacalin-related lectin (mJRL) is one of the most characterized lectin family and members potentially bind to terminal and/or internal units of N-glycans. This family was first found in plants and algae, but recently identified in mammals, drawing attention to structure-function relationships (Hanashima et al. 2015; Kanagawa et al. 2014) . mJRLs have a common β-prism fold arranged by three Greek-key motifs (Sankaranarayanan et al. 1996) Figure 1A and B). The first Greek-key motif (β1, β2, β11 and β12) typically contributes to sugar binding via conserved amino acid residues ( Figure 1A ). mJRLs bind various types of N-glycans including high-mannose type and complex-type glycans (NakamuraTsuruta et al. 2008) . We recently found that Calsepa, one of the mJRLs isolated from Calystegia sepium, recognizes the inner mannose residues from two branches of the bisected N-glycan (Nagae, Kanagawa et al. 2016 ). In the crystal, one Calsepa lectin interacts with both α1-3 branch and β-mannose, while the other lectin binds to both α1-6 branch and bisecting GlcNAc. It is noteworthy that two Calsepa lectins sandwich one bisected glycan in a 2:1 manner. The flipped-back conformation of bisected N-glycan, which is its preferred conformation, enables the formation of a pseudo-symmetrical sandwich structure. These observations led to our idea that lectins specific for internal sugar residues are useful for analyzing the conformation and interaction of branched N-glycans.
Orysata, isolated from Oryza sativa, is also a mJRL and shows 30% sequence identity with Calsepa ( Figure 1A ). Compared with Calsepa, Orysata shows a wider specificity, binding a variety of glycans including high-mannose and complex-type N-glycans (Al Atalah et al. 2011) . Orysata has potent anti-human immunodeficiency virus and anti-respiratory syncytial virus activity (Al Atalah et al. 2011) and strong insecticidal activity thereby protecting plants from biting-chewing and piercing-sucking insects (Al Atalah et al. 2014) . It has been suggested that Orysata can accommodate extended N-glycans by recognizing the inner mannose (Al Atalah et al. 2011) . Structural analyses of these two lectins toward various N-glycans, one with narrow and the other with broad specificity, may provide useful information on carbohydrate recognition mechanisms and conformations of lectin-bound N-glycans. We here study Orysata and Calsepa and their binding modes by frontal affinity chromatography (FAC), X-ray crystallography and molecular dynamics (MD) simulations. The roles of the binding and nonbinding branches of bound N-glycans in these different mJRL complexes can now be compared.
Materials and methods

Materials
Recombinant Calsepa and Orysata lectins were purchased from Wako Pure Chemicals. The biantennary N-glycan unit, Galβ1-4GlcNAcβ1-2Manα1-3[GlcNAcβ1-2Manα1-6]Manα1-O-tert-butyldimethylsilyl, was chemically synthesized (glycan I in Figure 1C , (Hanashima et al. 2005) ). A glyco-hexapeptide Lys-Val-Ala-Asn-Lys-Thr, in which the asparagine (Asn) side chain is modified with a biantennary N-glycan (Galβ1-4GlcNAcβ1-2Manα1-3[Galβ1-4GlcNAcβ1-2Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcβ1-) from egg yolk was purchased from Fushimi Pharmaceutical Co. Ltd (glycan II in Figure 1C , corresponding to glycan #307 in Figure 2 ).
Frontal affinity chromatography
Recombinant Calsepa or Orysata was immobilized on N-hydroxyl succinimide (NHS)-activated Sepharose 4 Fast Flow at a concentration of 0.3 mg/mL (Calsepa) and 0.5 mg/mL (Orysata) and packed into a column. The column was connected to an automated FAC system (FACII), and equilibrated with 10 mM Tris-HCl, pH 7.6 containing 150 mM NaCl. The column temperature was set to 25°C. A number of pyridylaminated (PA) and p-nitrophenyl (pNP) glycans derived from N-glycans and glycolipids were successively injected into the columns by the auto-sampling system, and elution of each glycan was detected by fluorescence (excitation, 310 nm; emission, 380 nm) or absorbance at 280 nm. Association constants for each glycan were determined as shown in the previous report (Tateno et al. 2007 ).
Crystallization, data collection, structure determination and refinement
Prior to crystallization experiments, the lectins were concentrated up to 5 mg/mL by Amicon Ultra (molecular weight cut off: 3,000) and mixed with carbohydrate at a final concentration of 1 mM. All crystallization trials were performed by the sitting-drop vapor diffusion method at 293 K. Initial crystallization conditions were searched using Index (Hampton Research).
Diffraction quality crystals of Orysata-biantennary N-glycan unit (glycan I) complex and Calsepa-biantennary N-glycan (glycan II) complex were obtained under the conditions of 0.1 M bis-tris (pH 5.5), 0.1 M ammonium acetate, 17% (w/v) polyethylene glycol 10,000 (Index #65) and 0.1 M HEPES (pH 7.5), 2.0 M ammonium sulfate (Index #5), respectively. Prior to diffraction experiments, crystals were rapidly frozen by cryo-stream at 95 K. Crystals of Orysata-glycan I complex were frozen by adding 20% (v/v) ethylene glycol as cryoprotectant, whereas crystals of Calsepa-glycan II complex were directly frozen. Our attempts to obtain crystals of an Orysata-glycan II complex and Calsepa-glycan I complex were unsuccessful. ), Q9ZQY5 (Heltuba), O60844 (ZG16p), Q96DA0 (ZG16b) and P84801 (Griffithsin). The short β-chain of Artocarpin is colored in gray. Conserved GG loop (G-x-x-G-G) and ligand-binding loop (G-x-ϕ-x-D, ϕ: hydrophobic residue) of Orysata and Calsepa are colored in blue. Secondary structures of Calsepa and Orysata are indicated above their sequences. Twelve β-strands are arranged into three Greek-key motifs. β1, β2, β11 and β12 form the first, while β3-β6 and β7-β10 form the second and third motifs, respectively. The three Greek-key motifs are colored red, blue and brown, respectively. Amino acid residues which interact with glycans I and II are indicated with red asterisk above the sequences. (B) Representative 3D structure of JRL ( (Sankaranarayanan et al. 1996) PDB code: 1JAC) is shown in ribbon model. The three Greek-key motifs are colored as in (A). Twelve β strands are labeled. A sugar ligand, α-methyl-galactoside, is depicted in stick model. (C) Chemical structures of the ligands in this study. Chemical structures of biantennary hexasaccharide in Orysata complex (upper panel, glycan I) and biantennary glycopeptide in Calsepa complex (lower panel, glycan II). Sugar residues which directly interact with protein are highlighted in yellow. This figure is available in black and white in print and in color at Glycobiology online.
Diffraction experiments were performed at BL-5A in the Photon Factory (Tsukuba, Japan). The intensities of diffraction spots were integrated and scaled by HKL2000 (Otwinowsk and Minor 1997) . Phase determination of two complexes was performed by the molecular replacement method using program MOLREP (Vagin and Teplyakov 2010) . Crystal structures of MornigaM (PDB code: 1XXQ, (Rabijns et al. 2005) ) and Calsepa (PDB code: 1OUW, (Bourne et al. 2004) ) were used as search models for Orysata and Calsepa complexes, respectively. After phase determination, model building was manually conducted using Coot (Emsley and Cowtan 2004) . Refinement was initially performed with Refmac5 (Murshudov et al. 1997 ) and phenix.refine in the Phenix program suite (Adams et al. 2010) for the final models. Stereochemical quality of the models was validated with Molprobity .
Data collection and refinement statistics are summarized in Table S1 . All figures were prepared with PyMOL (DeLano Scientific). The atomic coordinates and structure factors of Orysataglycan I complex and Calsepa-glycan II complex were deposited in the Protein Data Bank under accession codes 5XFH and 5XFI, respectively.
Molecular modeling of Orysata lectin in complex with biantennary glycans
The crystal structure of Orysata reported in this study was used for further MD simulation. Missing residues (Glu60-Thr64 and Glu72) were modeled by the loop modeling approach in MODELLER (version 9.17) using Orysata crystal structure as a template (Eswar et al. 2007 ). Coordinates of the missing residues from the top scoring (DOPE Score) model were extracted and merged into the crystal structure coordinates. Thus, the coordinates for all the residues except for the missing ones remain those of the crystal structure. The initial structures of the glycan ligands (#301, #302, #304 and #307) were modeled in GLYCAM Web (Woods Group, 2017) . Glycans were docked into Orysata manually by superimposing α1-3 branch residues of the glycans on the corresponding residues in the crystal structure. The glycans can potentially bind to Orysata in a second-binding mode, where the α1-6 branch of the glycan occupies the binding site and Man-4 is replaced by Man-4′. The Orysataglycan complexes in the α1-6 binding mode were generated by superimposing α1-6 branch residues over those of the α1-3 branch in the crystal structure. Additionally, MD of Glycan I and Glycan Icore (Galβ1-4GlcNAcβ1-2Manα1-3[GlcNAcβ1-2Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAc) with Orysata (A) and Oysata (B) was performed to mimic the glycan-binding modes and arrangement of Orysata (A) and (B) in the crystal structures. Similarly, MD of Glycan II and Glycan II-nocore (Galβ1-4GlcNAcβ1-2Manα1-3 [Galβ1-4GlcNAcβ1-2Manα1-6]Manβ) was performed to understand the N-glycan binding with Calsepa (A) and Calsepa (B) in the crystal structures.
Structures for MD were prepared using the tleap module of AmberTools16. The protein and glycans were described by AMBER ff14SB and GLYCAM (version 06j) force fields, respectively. All initial structures were solvated in an octahedral box of TIP4P water molecules extending 12 Å in each direction using tleap. All the systems were equilibrated using the multistep equilibration protocol published recently (Nagae et al. 2017) . Then, a 300-ns MD simulation at NPT was performed for each case using CUDA implementation of the pmemd from AMBER14 (Case et al. 2005) . To confirm the binding of glycans in the α1-6 binding mode, this set of MD simulations was extended to 500 ns. In addition to this, an MD simulation of Orysata complexed with glycan I was performed for 300 ns. The temperature was kept constant at 300 K using the Berendsen weak-coupling method. The time constant for heat bath coupling was set to 5 ps. The Particle Mesh Ewald (Darden et al., 1993) was used for calculating electrostatic forces. A cutoff of 9 Å was used for nonbonded interactions, and the SHAKE algorithm (Ryckaert et al. 1977 ) was used to restrain hydrogen atoms. The MD trajectories were analyzed (hydrogen bond analysis and calculation of dihedral angles) using cpptraj utility (Roe and Cheatham, 2013) of AmberTools16. Similarly, 300-ns MD simulations of each of the glycans in water was performed using the same procedure as for protein/glycan complexes. The MD simulation of Orysata/glycans complexes in α1-3 binding mode were repeated for 200 ns to check reproducibility of the binding free energy calculations.
The binding free energies of lectin-glycan complexes were calculated using the molecular mechanics/generalized-Born surface area (MM/GBSA) approach.
A total of 500 snapshots were used to compute enthalpy (ΔH) and 100 for entropy (TΔS) contributions to the free energy of binding. The molecular mechanics term (ΔE MM ) includes energies for bonded (bond, angle and dihedral energies) terms (ΔE bonded ) and nonbonded terms (ΔE nonbonded ). The ΔE nonbonded includes electrostatic (ΔE ele ) and van der Waals (ΔE vdw ) energy contributions to binding free energy. Whereas, solvation energy term (ΔG solv ) is the sum of the polar contribution to solvation free energy calculated by the Generalized-Born model (ΔG GB ), and nonpolar contribution calculated from a linear relation to solvent accessible surface area (ΔG SA ). Generalized-Born (GB) continuum model (igb = 7) was used to compute polar contribution of solvation energy (ΔG GB ). The PBRadii was set to mbondi. A probe of size 1.4 Å was used and SURFTEN and SUFROFF parameters were set to 0.005 and 0, respectively. The entropic contributions were calculated on 100 snapshots by harmonic approximation using nmode in AmberTools16. The standard error of mean (SEM) of each term was calculated by the standard deviation of each term over all the snapshots divided by total the number of snapshots (500 for enthalpy and 100 for entropic term). Uncertainties in ΔG values were calculated from the propagation of errors in ΔH (∂H) and TΔS (∂S) values to ΔG (∂G) as:
To compare the ΔG of each glycan with FAC data, we calculated overall ΔG (ΔG avg ) of each glycan as a mean of ΔG for α1-3 and α1-6-binding modes of the glycan assuming α1-3 and α1-6-binding modes occur equally. Glycan conformations in MD were clustered into five clusters, based on root mean square deviation (RMSD) of ring atoms, using k-means approach. The RMSD between representative conformations of the most populated clusters in water and lectin-bound MD simulation was calculated. 
Results
Carbohydrate-binding specificities of Orysata and Calsepa
We here focused on two mJRLs, Calsepa and Orysata. The carbohydrate specificity of Calsepa has previously been investigated by FAC analysis (Nakamura-Tsuruta et al. 2008), but not that of Orysata. Therefore, we performed a FAC analysis for a panel of PA-and pNP-linked oligosaccharides using recombinant Orysata and Calsepa under the same conditions ( Figure 2A and Supplementary data, Figure S1 ). The data show that the two lectins bind to N-glycans but not to glycolipid-type and other type glycans. Orysata binds various types of N-glycans such as high-mannose (#003, #005-#015) and complex-type glycans (#101-#103, #201, #301, #304 and #401) ( Figure 2B, upper panel) . Interestingly, Orysata binds to all the high-mannose-type glycans except #004, which lacks the α1-3-linked mannose residue attached to core β-mannose. This suggests that the α1-3-linked mannose residue in high-mannose-type glycan is essential for binding to Orysata. Since Orysata can bind several asialo (galacto) and agalacto glycans, the protein seems to recognize the inner part of the complex-type glycans. Intriguingly, Orysata prefers complex-type biantennary glycans with an extension at the α1-6 branch over an extension at the α1-3 branch (#301 vs #302, #401 vs #402). Each branch apparently contributes independently to the Orysata affinity. On the other hand, Calsepa binds several high-mannose-type and complex-type N-glycans ( Figure 2B , lower panel). Calsepa, but not Orysata, binds #004 suggesting that Calsepa can recognize mannose residue(s) other than the α1-3 branched mannose (Man-4) in high-mannose-type glycans. Among the complex-type glycans tested, Calsepa showed a preference for bisected N-glycans which have a bisecting GlcNAc at the core mannose (#104, #308 and #406), consistent with previous reports (Nagae, Kanagawa et al. 2016; Nakamura-Tsuruta et al. 2008 ).
Crystal structure of Orysata in complex with branched N-glycan
We determined the crystal structure of Orysata in complex with a complex-type biantennary glycan unit (glycan I in Figure 1C ) at 1.9 Å resolution. As found in typical mJRLs, Orysata has a β-prism fold composed of 12 β-strands (β1-β12) ( Figure 3A , left panel). In the asymmetric unit, two Orysata lectins (A and B) sandwich one biantennary N-glycan unit in a 2:1 manner. In the electron density map, all six sugar residues are clearly visible between Orysata (A) and Orysata (B) ( Figure 3B ). This 2:1 sandwich was also seen in a previously reported Calsepa-bisected N-glycan complex (right panel in Figure 3A , (Nagae, Kanagawa et al. 2016) ). However, the sandwich modes of the two complexes are different. When the two structures were superposed using Orysata (A) and Calsepa (A), the positions of the α1-3 branches superimpose well (Supplementary data, Figure S2 ). In contrast, the relative positions of Orysata (B) and Calsepa (B) are completely different. Structural superposition of Orysata (B) and Calsepa (B) results in polar angles of the rotation operator (ϕ = 94°, ψ = 30°, χ = 125°).
The defining characteristic of the Orysata-biantennary N-glycan complex is the asymmetric ligand recognition by the two lectins. Orysata (A) interacts with Man-3, Man-4 and GlcNAc-5 in the α1-3 branch, whereas Orysata (B) binds to GlcNAc-5′ in the α1-6 branch and GlcNAc-5 in the α1-3 branch ( Figure 3C and Table S2 ). Among the sugar residues directly involved in the lectin interaction, Man-4 (α1-3 branch) mainly fits into the conserved sugar-binding site of Orysata (A), while GlcNAc-5′ (α1-6 branch) interacts with the same binding site of Orysata (B). Three hydroxyl groups, OH3, OH4 and OH6 and ring oxygen atom O5 of Man-4 interact with Orysata (A), and likewise OH3, OH4, OH6 and ring oxygen of GlcNAc-5′ are recognized by Orysata (B). GlcNAc-5 binds to both Orysata (A) and (B) via two sites. The N-acetyl oxygen atom (O7) of GlcNAc-5 interacts with the main chain of Gly133 in Orysata (A), while OH3 of GlcNAc-5 makes a hydrogen bond with the side chain of Asp87 in Orysata (B). There is no direct interaction of Gal-6 (α1-3 branch) nor of Man-4′ (α1-6 branch) with Orysata lectins. It seems that the interaction of GalNAc-5′ (α1-6 branch) with Orysata (B) is attained because GlcNAc-5′ is not modified with β1-4 galactose (Gal-6′). The superimposition of the Galβ1-4GlcNAc moiety of the α1-3 branch onto GlcNAc-5′ of the α1-6 branch results in a severe steric clash between Orysata (B) and putative Gal-6′ (Supplementary data, Figure S3 ). The two Orysata lectins seem most favorably arranged to maximize interaction with the asymmetric branch structure of biantennary glycans.
The global shape of biantennary N-glycan is affected by the dihedral angles of the Manα1-6Man linkage and roughly divided into two conformers, extend and folded (back-fold) (Stubbs et al. 1996) , which can be further divided into five conformers, extend-a, extend-b, back-fold, half back-fold and tight back-fold (Nishima et al. 2012) . The dihedral angles of the Manα1-6Man linkage in the Orysataglycan I complex are ϕ α1-6 = 58°, φ α1-6 = −179°, and ω α1-6 = 68°( see Table I ). This corresponds to an extend-a conformation, which is the prevalent conformation of biantennary glycans in the lectin-free state predicted by MD simulations (Nishima et al. 2012) and is often observed in crystal structures of lectin-glycan complexes (Nagae, Kanagawa et al. 2016 ).
Crystal structure of Calsepa in complex with biantennary N-glycan
We previously solved a crystal structure of Calsepa in complex with a bisected N-glycan unit (Nagae, Kanagawa et al. 2016) . In this crystal structure, a flipped-back conformation of the bisected glycan unit enables cooperative sandwich interaction with two Calsepa lectins. However, a question still remains as to how Calsepa binds to nonbisected, biantennary N-glycan with a chitobiose core. To address this question, we here determined the crystal structure of Calsepa in complex with a nonbisected biantennary N-glycan (glycan II in Figure 1C , corresponding to glycan #307 in Figure 2 ) at 1.65 Å resolution. In the asymmetric unit, two Calsepa lectins (A and B) are found and each Calsepa independently interacts with one glycan molecule ( Figure 4A ). The electron density from six sugar residues was clearly observed and assigned to the α1-3 branch (Gal-6, GlcNAc-5 and Man-4) and core chitobiose region (Man-3, GlcNAc-2 and GlcNAc-1) ( Figure 4B ). Additional weak electron density was observed at the 6-position of Man-3, which is assigned to Man-4′ and GlcNAc-5′ from the α1-6 branch. The peptide region of the glycopeptide ligand is fully exposed to solvent and does not seem to contact with either lectins or glycans. Possibly due to this reason, the electron density was indistinct (Supplementary data, Figure S4 ). The glycan-binding mode is in marked contrast to the previous crystal structure of Calsepa-bisected N-glycan sandwich complex (right panel in Figure 3A) .
The α1-3 branch (Gal-6, GlcNAc-5 and Man-4) and core chitobiose region (Man-3, GlcNAc-2 and GlcNAc-1), are in a straight line due to binding to Calsepa ( Figure 4C ). Among the six sugar residues, Man-4 extensively interacts with Calsepa by fitting into the mannose-binding pocket (Table S3 ). The OH6 of Man-4 is buried inside the pocket and hydrogen bonds with Calsepa. The OH3 and N-acetyl oxygen atom (O7) of GlcNAc-5 interact with the side chain of Asn18. The OH2 of Man-3 hydrogen bonds with the side chain of Asn96 and the nonpolar B-face of Man-3 stacks with the aromatic ring of Tyr142. The linkage oxygen (O4) and N-acetyl nitrogen atom (N2) of GlcNAc-2 interact with the side chains of Asp95 and Asn96, respectively. Although GlcNAc-1 and Gal-6 only weakly interact with Calsepa, their electron density is clearly visible ( Figure  4B and C). The bisected glycan unit without a chitobiose core exhibits very weak affinity toward Calsepa which precluded estimation of a dissociation constant (Nagae, Kanagawa et al. 2016) . It is likely that the direct interaction of GlcNAc-2 with Calsepa contributes to the affinity. Actually, we detected a significant affinity for the corresponding glycan #104 in the FAC analysis ( Figure 2B ). Collectively, both the chitobiose part and the other arms seem to contribute to attaining strong Calsepa binding. The dihedral angles of the Manα1-6Man linkage in the Calsepa-glycan II complex are ϕ α1-6 = 62°and 64°, Table S2 . This figure is available in black and white in print and in color at Glycobiology online. φ α1-6 = −103°and −104°, ω α1-6 = 50°and 51° (Table I) , categorizing it as a back-fold conformation, which is also observed in the bisected glycan unit-Calsepa complex (Nagae, Kanagawa et al. 2016) . Although the α1-6 branch is exposed to solvent and does not directly interact with Calsepa, the branch seems stabilized via an intramolecular hydrogen bond between the N-acetyl nitrogen atom of GlcNAc-5′ and the OH3 group of GlcNAc-2 ( Figure 4C ). The dihedral angles of the α1-3 branch of glycan I (in complex with Orysata) are similar to those of glycan II in complex with Calsepa (Table I) .
The most striking difference between the nonbisected and the bisected glycan complexes is the independent interaction mode of the former and the sandwich-like interaction mode of the latter. Despite this, the two protein structures are quite similar ( Figure 4D) , with a RMSD of corresponding 141 Cα atoms of only 0.44 Å. Furthermore, the relative positions of Man-4 and GlcNAc-5 (α1-3 branch), Man-4′ and GlcNAc-5′ (α1-6 branch) and Man-3 (β-mannose) are almost the same. This suggests that the flipped-back conformation is rather energetically stable, and may prevail without bisecting GlcNAc. The introduction of bisecting GlcNAc may further stabilize the flipped-back structure, enabling the sandwich-like binding mode observed in the crystal. Structural superposition between Calsepaglycan II and Calsepa-bisected glycan complexes shows that there is no apparent steric clash between chitobiose of glycan II and any part of bisected glycan complex (Supplementary data, Figure S5 ). Thus, the addition of chitobiose does not seem to affect the flipped-back conformation and sandwich formation.
Structural comparison between Calsepa and Orysata
Structural superposition of Orysata and Calsepa yields a RMSD value for 122 Cα atoms of 2.0 Å. In the sugar-binding sites, the positions of the amino acid residues which interact with glycan are well superimposable ( Figure 5A ). Gly14 in the GG loop (β1-β2 loop) in Orysata structurally corresponds to Gly17 in Calsepa, and Gly133 and Asp137 in the ligand recognition loop (β11-β12 loop) in Orysata correspond to Gly140 and Asp144 in Calsepa, respectively. In the Calsepa-bisected glycan complex, Asn96 in the ligand-binding loop (β7-β8 loop) is involved in symmetrical bisecting GlcNAc recognition. This residue is replaced with Leu88 in Orysata, which must affect the binding property. Moreover, differences in amino acid sequence and 3D structure of the two mJRLs occur in loop regions of the second Greek-key motif including β3-β6 strands ( Figure 5B ). The differences here, especially in the β3-β4 and β5-β6 loops, seem to dictate the distinct quaternary arrangements of these two lectins in the crystals.
Molecular modeling of glycan-binding modes in Orysata and Calsepa
The crystal structures of Orysata and Calsepa suggest that 2:1 binding is possible in both lectins. The interaction of α1-3 and α1-6 chains of biantennary glycans by Calsepa/Orysata (A) and (B) suggested a possibility of two-binding modes for biantennary glycans in both lectins. To explore this, we calculated binding energies of glycan I and glycan I-core in complex with Orysata (A) and Orysata (B), where two-binding modes are taken directly from the Orysata crystal structure. The chitobiose core was further connected manually to glycan I in a way that avoided steric clashes with Orysata. The binding affinity of the α1-3 branch of glycan I and I-core in Orysata (A) is more favorable than the affinity of α1-6 branch in Orysata (B) ( Table S4 ). Though the absolute binding energies for Glcyan I-core is positive for both binding modes, the relative change in binding energy shows Orysata prefers the α1-3 branch. A similar trend is seen for α1-3 and α1-6 branches of glycan II and II-nocore binding to Calsepa (A) and Calsepa (B), respectively. These results indicate that both branches of biantennary glycans may bind to lectin, resulting in a 2:1 binding. However, each branch binds with different affinity. It can be surmised that there are two-binding modes possible: (I) a stronger binding mode that involves interaction with Man-3 and the chitobiose core and (II) a weaker one with GlcNAc-5′ in the binding site. However, the weaker binding mode may be so weak that it cannot normally be observed in the face of the stronger binding mode. Glycan II in α1-3 binding mode shows that the chitobiose core makes a favorable enthalpy contribution. However, there is no significant difference in the overall binding affinities of glycan II and II-core in α1-3 or α1-6 binding modes (Table S4 ). This result excludes the possibility that the presence of a chitobiose core in glycan leads to 1:1 binding in Calsepa. Thus, 1:1 binding in Calsepaglycan II complex can be attributed to the influence of the peptide attached to glycan II.
MD simulations of Orysata complexed with branched N-glycans
The glycan-binding specificity of Calsepa is well explained by the crystal structures of glycan-Calsepa complexes. However, that of Orysata is rather difficult to understand from the crystallographic 
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data, especially the preference toward complex-type N-glycans with extension at the α1-6 branch (#307 to #302) and α1-3 branch (#301 to #304 to #302) observed in FAC analysis. In order to further elucidate this, we performed MD simulations of glycan I in the presence of Orysata ( Figure S6 ). We built a starting model of Orysata (A) complexed with glycan I, in which Man-4 (Manα1-3 branch) is embedded in the mannose-binding pocket. We assumed that the 2:1 sandwich-like interaction observed in the crystal is unlikely to occur under FAC experimental conditions because the lectins are covalently immobilized to the column resin. The MD simulation of glycan I bound to Orysata shows that the conformation of the Manα1-6 branch in glycan I is flexible ( Figure S6 ). Some of the glycan conformations seen in the MD trajectory align well with that in the crystal structure ( Figure S6-B) . Glycan I conformation in the crystal structure is also observed in MD of glycan I in solution (33% population) and lectin-bound state (35% population) ( Table S5 ). The RMSD between the representative conformations of the most populated clusters in both states is 1.4 Å. It suggests that the Glycan I conformation seen in the crystal structure is also prevalent in solution (Table S5) . We next performed MD simulations of four branched glycans, binders (#301 and #304) and nonbinders (#302 and #307), both in the free and bound states with Orysata (A) to understand their affinity differences seen in FAC data. In the case of glycan-lectin complexes, Man-4 (α1-3 branch) or Man-4′ (α1-6 branch) was set in the mannose-binding pocket for each glycan ( Figure S7 ). The overall structure of the glycans is represented by the orientation of the three units linked to the core Man-3: α1-3 branch, α1-6 branch and the chitobiose unit. To access the conformational flexibility of the glycans in solution (lectin-free) and in the lectin-bound state, we plotted the dihedral angles of α1-3, α1-6 and Manβ1-4GlcNAc glycosidic linkages ( Figure S8-S9 ). Glycan conformations in solution and in the lectin-bound state do not reflect any particular stable and unique bound state conformation for any of the glycans. However, the most populated conformation of #301, #304 and #307 in the bound state is also prevalent in solution (Table S5 and Figure S10 ). The overall conformation of #302 in water is also similar to that in the lectin-bound state but the high RMSD (7 Å) is mainly due to flipping of the chitobiose core. However, the decreased flexibility of glycans in the lectin-bound state is apparent (see Figure S8 -S9), which can be attributed to the intermolecular interaction of Man-4 and Man-3 with Orysata. Moreover, GlcNAc-1 and GlcNAc-2 form hydrogen bonds with Ser34 and Thr134 in all four cases and this interaction ultimately rigidifies the core chitobiose unit (Table S6) .
Likewise, Man-4 (α1-3 branch)/Man-4′ (α1-6 branch) in α1-6/ α1-3-binding mode forms strong and stable hydrogen bonds with Asp137 in all cases. The nonbinding branch oriented toward the solvent in both α1-3 (the α1-6 of branch of #301, #304 and #307) and α1-6 (the α1-3 branch #302 and #304) binding modes is quite flexible and it attains several conformations including a flip back conformation in #301 ( Figure 6A ). The back flipping of the α1-6 branch to the chitobiose core is stabilized by inter-branch hydrogen bonds ( Figure 6B ). Since the Man-4′ alone in #302 can adopt a conformation similar to Man-4′ in back-fold conformation of #301, the flexibility along the α1-6 linkage in α1-3 binding mode cannot be solely attributed to the interactions of GlcNAc-5′ and Gal-6′ with the chitobiose unit or with water ( Figure 6C ). The high flexibility along the α1-6 glycosidic linkage is not surprising because it contains three variable torsional angles compared to two in other glycosidic linkages.
Hydrogen bond analysis of the MD trajectories suggests that Orysata-glycan interactions are moderately polar in nature, as just a couple of strong hydrogen bonds are observed with 100% occupancy during the MD simulation (Table S6 and Figure S11 ). This is further corroborated by calculating the changes in the electrostatic (Table S7 ). This range of change in electrostatic interaction energy of glycan is still not as favorable as V l s el ∆ − for monosaccharides binding to a bacterial lectin PA-IIL, a typical example of a highly polar interaction in lectinglycan complexes. (Mishra et al. 2012) . The most crucial hydrogen bonds are observed between OH6 and OH4 hydroxyls of Man-4/ Man-4′ (in the sugar-binding site) and Asp137 in all four cases (2.6 Å,~100% occupancy in MD simulation). In addition to this, the OH6 of Man-4/-4′ also forms another hydrogen bond with Leu135 backbone amide, though not with 100% occupancy (Table S6 ). The chitobiose unit can also form three hydrogen bonds. One is seen between Thr136 and GlcNAc-2 (O6) in the α1-3-binding mode. It has significant occupancy (>50%, dist avg ≤3 Å) for #302, #304, and #307 but exhibits slightly higher dist avg (>3 Å) for #301. In addition to this, and for binders #301 and #304 only, the acetyl group and O3 of GlcNAc-1 make hydrogen bonds with Ser34 and Ser38 in both α1-3 and α1-6-binding modes.
Binding free energies of Orysata-Glycan complexes
For further understanding of the complex-type biantennary glycan recognition by Orysata, we calculated binding energies of all four glycans in both Man-4 (α1-3) and Man-4′ (α1-6) binding modes using the MM/GBSA approach (Table II and Figure 7 ). In agreement with the FAC data, free-energy calculations show both #301 and #304 bind to Orysata with reasonable affinity, whereas #302 and 307 interact weakly or not at all (last column, Table II ). The two possible binding modes for #301 and #304 suggest mannose residues (Man-4 and 4′) of both α1-3 and α1-6 branches bind well, especially through hydrogen bonds with Asp137, and contribute significantly to the binding affinity ( Figure S7 and Table S6 ). Glycan #302 and #307 did not dissociate from the lectin-binding site during the 300-ns MD simulation (α1-3 binding mode) and the 500-ns MD simulation (in α1-6 binding mode), but the weak or zero interaction can be deduced from the binding free energies. While MM/GBSA calculations may not be quantitatively all that accurate, they are qualitatively in good agreement with the FAC data. At present MM/ GBSA is the only viable way of obtaining enthalpy and entropic contributions to absolute free energies of binding of large glycans in two different binding modes (considering computational time and accuracy for large flexible ligands).
Binding of glycans can be favored by entropic gain arising from the displacement of water molecules by nonbinding but proximal residues (Navarra et al. 2017) , and the methodology used here can help to rationalize enthalpy (using MM/GBSA) and entropic (by normal mode analysis) compensation contributions in such protein/ glycan complexes. Glycan-binding preference and extension of α1-3 branch of complex-type N-glycans can be explained by the individual contribution of each monosaccharide in binding seen in the freeenergy data (Figure 7) . The introduction of GlcNAc-5 in the α1-3 branch (#301 to #304) led to a small gain in enthalpy, but the further addition of Gal-6 (#304 to #307) reverses the gain in both binding modes. Despite the gain in enthalpy from #301 to #304, there is an entropic cost that makes #304 the weaker binder. An introduction of residues in the binding branch (#301→304→307 in α1-3-binding mode and #302→#301, #302→#304, #302→#307 in α1-6-binding mode) resulted in more entropic cost. Thus, an extension of the binding branch results in a higher entropic penalty. Similarly, the extension of the nonbinding branch in α1-3 binding mode (#302→#301, #302→#304, #302 to #307) leads to more entropic cost. However, in α1-6 binding mode, extension of α1-3 branch shows complex behavior. TΔΔS for #301 to #304 shows entropy loss but further extension to #307 shows a substantial gain in entropy. This partially accords with the observation that the entropic contribution due to the introduction of nonbinding monosaccharide moieties in the glycan ligand is complex and crucial to the understanding of protein-glycan interactions (Navarra et al. 2017) . The absolute binding energies of N-glycans can be reproduced within the limits of computational error in MM/GBSA calculations (Table S8) . We would, however, like to point out that due to the large size of the N-glycans and difficulty in sampling their conformation flexibility along the branches, binding energies from several independent simulations may differ slightly, but qualitatively the same trends are expected.
Discussion
A fundamental question is how lectins acquire their own ligandbinding specificities. Several lectins show binding preference for specific branches of complex-type N-glycan. For instance, a legume lectin PELa shows binding preference for mannose-terminated α1-6 branch and longer α1-3 branch (Benevides et al. 2012) . The specificity of PELa is related to the extended binding site and the conformational constrains on the glycan ligand. Another example is a C-type lectin receptor murine DCIR2, which has a strict specificity toward bisected glycan with GlcNAc-terminated α1-3 branch (Nagae et al. 2013) . Murine DCIR2 directly interacts with both α1-3 branch and bisecting GlcNAc, hereby the specificity is attained. Alternatively, one concept proposes that the specific glycan-lectin interaction is affected principally by the shape of the glycan, and not only through direct binding (Gabius et al. 2011 ). Subsequently, however, there have been few examples supporting the concept. We considered that mJRLs may be good models to understand this problem. Although mJRLs possess narrow sugar-binding sites, they have a wide High standard deviation values are due to several structurally different conformations of #302 in α1-6 binding mode. specificity toward N-glycans (Nakamura- Tsuruta et al. 2008 ). The 3D structural basis for this is not well understood. Here, we analyzed ligand recognition of two mJRLs Orysata and Calsepa toward larger biantennary N-glycans by FAC analysis, protein crystallography and MD simulations. FAC analysis clearly shows that Orysata and Calsepa bind to different sets of glycans. Orysata binds to high-mannose-type glycans except for glycans lacking the Man-4 residue (#004). The crystal structure of the glycan I-Orysata complex shows that Man-4 fits into the sugar-binding pocket. These observations suggest that Man-4 is the main epitope recognized by Orysata. However, Orysata shows a binding preference for complex-type glycans with an extension at the α1-6 branch. This unique ligand specificity will be discussed below from X-ray crystallographic data and MD simulation results.
In the crystal structure, two Orysata lectins bind to one glycan I molecule in an asymmetric sandwich interaction mode: i.e., one Orysata binds Man-4 and the other GlcNAc-5′ of the branched glycan. This is in contrast with the symmetrical binding mode seen in a Calsepa-bisected N-glycan complex (Nagae, Kanagawa et al. 2016) in which two Calsepa lectins interact with Man-4 or Man-4′ of the bisected glycan. The binding of GlcNAc-5′ to Orysata is blocked by the Gal-6′ modification ( Figure S1 ). However, FAC analysis indicates Gal-6′ is not inhibitory (#101 vs #301 or #201 vs #401), suggesting that GlcNAc-5′ binding is not significant.
Glycan I holds an extended conformation in the crystal structure ( Figure 3A and Table I ) and MD simulation of the Orysata-glycan I complex suggests that it occurs in significant amounts in solution ( Figure S6 ). The extend conformation also appears in lectin-glycan complexes such as PAL lectin (PDB code: 1LGB, 2 ARX and 3ZYR), DC-SIGN (PDB code: 1K9I), and galectin-1 (PDB code: 1SLC) (Nagae, Kanagawa et al. 2016) , suggesting that the extended conformation is one of the more favored conformations of biantennary N-glycans.
It has been reported that bisecting GlcNAc stabilizes a flippedback conformation of biantennary glycan (Andr et al. 2007; Nishima et al. 2012) , and the conformation is likely targeted by Calsepa (Nagae, Kanagawa et al. 2016 ). In the crystal structure of Calsepa-nonbisected glycan (glycan II, corresponding to glycan #307 in FAC analysis) complex, the α1-6 branch unexpectedly adopts a back-fold conformation despite being exposed to solvent without interacting with the second Calsepa lectin ( Figure 4D) . Thus, the back-fold conformation seems to occur in solution even in the absence of bisecting GlcNAc. The affinity of glycan #307 is weaker than that of glycan #308 which has additional bisecting GlcNAc ( Figure 2B ). This difference is supposed to be derived from the direct interaction between Calsepa and bisecting GlcNAc (Nagae, Kanagawa et al. 2016) . Or else, the stability of flipped-back conformation may also contribute to the affinity.
In conclusion, we get insights into the divergent binding specificities of two mJRLs, Orysata and Calsepa by experimental and computational approaches. Especially, MD simulations and calculation of binding free energies provide insights into the multiple binding modes: α1-3-binding mode and α1-6-binding mode. Both binding modes contribute to the ligand-binding affinity as supported by the fact that the average binding free energies for both binding modes are qualitatively in agreement with the FAC data. However, the molecular basis of glycan recognition by Orysata is not simply explained by enthalpy-entropy compensation and further analysis is required especially in the interpretation of the entropic contribution. What we can conclude from our analysis is that the nonbinding region of a branched glycan ligand potentially affects its affinity.
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